The understanding of the fundamental geometric and electronic properties of metal-organic hybrid interfaces is a key issue on the way to improving the performance of organic electronic and spintronic devices. Here, we studied the adsorption heights of copper-II-phthalocyanine (CuPc) and 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) on a Pb 1 Ag 2 surface alloy on Ag(111) using the normal-incidence x-ray standing waves technique. We find a significantly larger adsorption height of both molecules on the Pb-Ag surface alloy compared to the bare Ag(111) surface which is caused by the larger size of Pb. This increased adsorption height suppresses the partial chemical interaction of both molecules with Ag surface atoms. Instead, CuPc and PTCDA molecules bond only to the Pb atoms with different interaction strength ranging from a van der Waals-like interaction for CuPc to a weak chemical interaction with additional local bonds for PTCDA. The different adsorption heights for CuPc and PTCDA on Pb 1 Ag 2 are the result of local site-specific molecule-surface bonds mediated by functional molecular groups and the different charge donating and accepting character of CuPc and PTCDA.
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I. INTRODUCTION
One of the great milestones on the way to establishing organic semiconductors as active materials in electronic and spintronic devices is to control the functionality of metalorganic hybrid interfaces according to the device relevant properties. On the way, it was realized that the key to tailoring the geometric and electronic properties of these interfaces is to tune the strength of the molecule-substrate and the intermolecular interactions [1] [2] [3] [4] [5] [6] [7] . These interactions are most commonly modified by chemical functionalizing of the organic adsorbates [8] [9] [10] [11] , by alkali-metal doping of organic monolayer films [12] [13] [14] [15] [16] , or by the formation of heteromolecular monolayer films containing two different types of molecules [17] [18] [19] [20] [21] [22] . All these strategies provided clear pathways to an improved control over the energy level alignment or the lateral order of the molecular monolayer films by changing an external control parameter.
While up to now almost all approaches to design metalorganic interfaces focused on acting on the molecular film itself, it was recently proposed to functionalize metal-organic hybrid interfaces by surface modification, i.e., by controlled substitution of surface atoms of the first metallic layer [23] [24] [25] . This attempt is highly interesting for various reasons. On the one hand, metallic substitute atoms in the first metal layer can be used to selectively influence either local molecule-substrate bonds or to provide additional charge for electron doping of the molecular films [23] . On the other hand, the implantation of heavy-metal atoms can be used to create a novel surface band structure with spiral spin texture [24, 26] . In the case of a strong hybridization of these metal atoms with molecular orbitals, this * bstadtmueller@physik.uni-kl.de could lead to the formation of spin-polarized metal-organic hybrid states [27] [28] [29] . The latter are of particular interest in the field of molecular spintronics [30] .
Recently, we followed this approach and investigated the adsorption properties of the two prototypical molecules copper-II-phthalocyanine (CuPc) and 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) adsorbed on a Pb-Ag surface alloy on Ag(111) [25] . In this modified Ag(111) surface, each third silver atoms is replaced by a Pb atom in order to form a long-range-ordered surface alloy. The larger size of the Pb atoms compared to Ag leads to a vertical buckling of the Pb-Ag surface and the hybridization between Ag and Pb atoms results in the formation of two novel hybrid surface states with a spiral spin texture due to the Rashba-Bychkov effect [31, 32] . In our previous work, we used the implanted Pb surface atoms as tracer atoms to reveal modifications of the first metallic layer caused by different bonding mechanisms across the metal-organic hybrid interface. We found that for pure van der Waals interactions and for weak delocalized π bonds between the molecule and the surface alloy, the geometric and electronic properties of the first metal layer stay unaffected by the molecular adsorption. In contrast, the formation of local σ -like bonds between the adsorbate and the surface, as in the case for PTCDA on the surface alloy, leads to a vertical relaxation of the Pb atoms and clear modification of the surface band structure.
In this work, we will focus on the molecular side of the interface and reveal how surface alloying alters the vertical adsorption geometry of CuPc and PTCDA on the modified Ag(111) surface. Using the normal-incidence xray standing waves (NIXSW) technique, we are able to determine the vertical adsorption position of each chemically different species of CuPc and PTCDA on the surface alloy with very high accuracy (<0.04Å). Our results show that the molecular bodies of CuPc and PTCDA are found at significantly larger adsorption heights on the surface alloy compared to their adsorption on the bare Ag(111) surface. This is mainly the result of the larger atomic size of the Pb surface atoms that pushes the molecules away from the surface. For CuPc, this reduces any molecule-substrate interaction to a pure physisorption despite its weak chemical interaction with the bare Ag(111) surface [33] . For PTCDA, we find an adsorption-site-specific interaction leading to two different vertical adsorption heights. While PTCDA forms local σ -like bonds between its functional oxygen end groups and the Pb surface atoms for both adsorption sites, the delocalized π bond between the molecular backbone and the Pb-Ag surface alloy depends strongly on the adsorption site. For one adsorption site, we find an at least partial chemical interaction between the π -conjugated part of PTCDA and the Pb surface atoms. For the other PTCDA species, we observe a weak delocalized π -bonding comparable to CuPc on the surface alloy.
The different adsorption behavior of CuPc and PTCDA on the Pb 1 Ag 2 surface alloy will be discussed in terms of the different charge donating and charge accepting properties and the additional anhydride oxygen end groups for PTCDA.
II. EXPERIMENTAL DETAILS

A. Sample preparation
All experiments and the sample preparations were performed under ultrahigh-vacuum conditions with base pressure better than 5 × 10 −10 mbar. The surface of the (111)-oriented silver crystal was cleaned by repeated cycles of argon ion bombardment and subsequent annealing at a temperature of T sample = 730 K. The cleanliness of the Ag(111) surface was verified either by measuring the surface state at the¯ point of the surface Brillouin zone or by searching for contaminations in core level spectroscopy. The organic monolayer films on the Pb-Ag surface alloy were prepared in two subsequent steps. First one-third of a monolayer of Pb was deposited onto the clean Ag(111) crystal at elevated sample temperature (T sample = 450 K), followed by sample annealing at T sample = 450 K. This procedure resulted in the formation of a homogeneous well-ordered Pb 1 Ag 2 surface alloy in the first layer of the Ag(111) surface. The success of the sample preparation was confirmed by low-energy electron diffraction (LEED) and by photoelectron spectroscopy (PES). Afterwards, CuPc or PTCDA was deposited on the well-ordered Pb 1 Ag 2 surface alloy at room temperature. The molecular coverage was controlled by the evaporation time and quantified afterwards by the integrated intensity of characteristic photoemission signals that were normalized to the values of the reference systems PTCDA and CuPc on Ag(111).
B. Normal-incidence x-ray standing waves
The normal-incidence x-ray standing waves (NIXSW) experiments were carried out at the hard x-ray photoemission (HAXPES) and x-ray standing wave (XSW) end station of beamline I09 of the Diamond Light Source (Didcot, UK). This end station is equipped with a hemispherical electron analyzer (Scienta R4000 EW) which is mounted perpendicular to the incoming photon beam. The angular acceptance of the electron analyzer is ±30
• . Due to the experimental geometry (almost normal incidence of photon beam with respect to the surface, ≈90
• emission angle for photoelectrons), half of the angular acceptance cone of the analyzer is shielded by the sample. This effectively reduces the angular acceptance to 30
• . The NIXSW method allows us to determine the vertical adsorption position of all chemically different atomic species within an adsorbate system above a single-crystal substrate with very high precision (<0.04Å). In the following, we briefly summarize the fundamental aspects of this method. A more detailed introduction can be found elsewhere [34] [35] [36] . For a photon energy which fulfills the Bragg condition H = k H − k 0 for a Bragg reflection H = (hkl), an x-ray standing wave field is formed by the coherent superposition of the incoming E 0 and the Bragg-reflected wave E H . Scanning the photon energy through the Bragg condition results in a shift of the phase ν of the relative complex amplitude of the incoming and Bragg reflected wave by π . As a consequence, the standing wave field shifts by half a lattice spacing d hkl in the direction perpendicular to the Bragg planes. This changes the photon density at any specific position z above the surface as a function of the photon energy. If an atom is located at this position z, the modification of its x-ray absorption can be monitored by recording the photoemission yield I (E) of any of its core levels. The resulting experimental yield curve I (E) can be modeled by [35, 36] 
where R(E) is the x-ray reflectivity of the Bragg reflection with its complex amplitude √ R(E) and phase ν(E). The actual fit parameters are the coherent position P H and the coherent fraction F H . P H can be interpreted as the average vertical position D H of an atomic species above the nearest lattice plane of the corresponding Bragg reflection H , which again is related to the true adsorption height z. F H can usually be understood as a vertical ordering parameter with values between 0 and 1. F H = 0 indicates complete vertical disorder of the emitting atomic species while for F H = 1 all emitters are located at the same adsorption height corresponding to P H . During all experiments, we carefully checked for radiation damage. Prior to each NIXSW experiment on a new sample system, we recorded several very short ( t < 6 min) NIXSW scans of C 1s (for PTCDA) and N 1s (for CuPc) on the same spot on the sample. A reduction of F H after a certain exposure time with hard x-ray radiation is a strong indication of radiation damage of the sample. We detected no radiation damage within the first 25 min of x-ray exposure and limited our acquisition time accordingly.
III. RESULTS
After a short discussion of the lateral arrangement of the molecules on the surfaces based on a LEED study, we will present our experimental results of the NIXSW experiments for 1.0 ML CuPc and 0. 8 [37] . models for the C 1s and O 1s spectra, we were able to disentangle different contributions of chemically different atomic species of PTCDA as well as of structurally inequivalent PTCDA molecules. These models will be employed in the NIXSW analysis to obtain partial-yield curves for all chemically different species. In addition, we can use the results of our core level analysis to gain insight into the chemical environment of the molecules in the molecular films and deduce information about their interaction strength with the substrate.
A. Structure formation
We will start our discussion of the experimental results with an overview of the lateral structure formation of CuPc and PTCDA on the Pb 1 Ag 2 surface alloy using LEED. The LEED image of the clean surface alloy in Fig. 1(a) shows the typical diffraction pattern of the ( √ 3 × √ 3)R30 superstructure [31] . The calculated positions of the diffraction spots of this superstructure are shown as green circles in the left half of Fig. 1(a) . All systematic distortions of the LEED data due to the flat screen of the microchannel plate (MCP) LEED optics were corrected by means of the software LEEDCAL [37] .
For CuPc coverages below one monolayer, no additional diffraction spots are visible indicating the lack of a long-rangeordered CuPc structure. Instead, a new ringlike diffraction feature appears around the specular reflection [see Fig. 1(b) ] which points to the formation of a 2D lattice gas with an average intermolecular distance reflected by the diameter of the ringlike diffraction feature. Only when the CuPc coverage is increased to one closed layer, the diffraction ring disappears and is replaced the sharp diffraction spots leading to the LEED pattern shown in Fig. 1(c) . A similar structural phase diagram has already been reported for various phthalocyanine molecules on the Ag(111) and Au(111) surface and represents the intrinsic growth mode of CuPc on noble-metal surfaces [7, 33, 38] . Thereby, the structural phase transition from a 2D gaslike phase to a well-ordered monolayer structure is caused by a sterically hindered molecular diffusion on the surface.
More insight into the structural parameters of the CuPc monolayer structure can be obtained by modeling the corresponding diffraction pattern for different superstructure lattices. The best agreement between the experimental and calculated diffraction pattern could be obtained for the superstructure matrix ( 5.32
1.18 2.00 5.44 ) which expresses the relation between the molecular lattice and the grid of the Ag(111) surface. The calculated positions of the corresponding diffraction spots are indicated by the superimposed red circles in the right half of Fig. 1(c) .
When comparing the monolayer structure of CuPc/Pb 1 Ag 2 and CuPc/Ag(111), we find identical unit cell vectors length (A = 13.99Å, B = 13.77Å) and unit cell sizes (F = 192.3Å
2 ) indicating a similar packing density of CuPc on both surfaces. The main differences between both superstructure lattices are the different angles between both unit cell vectors ( Pb1Ag2 = 86.2
• , Ag(111) = 96 • ) and the different orientations of the superstructure unit cell with respect to the substrate lattice. These differences can be understood when considering the registry between the molecular superstructures and the substrate lattices. The CuPc monolayer structure on the surface alloy reveals a point-on-line registry with the lattice of the Pb 1 Ag 2 alloy, but not with that of the Ag(111) surface. This is possible because of the 30
• rotation of both surface lattices. On the other hand, on the bare Ag(111), CuPc does exhibit a point-on-line registry with the Ag(111) surface, but not with the (virtual) Pb 1 Ag 2 lattice lines. Hence, in both cases, a point-on-line registry with the directly underlying metal layer is established. This indicates that the influence of the substrate on the structural properties of the molecular film is not vanishing for the modified Ag(111) surface layer. It causes different unit cells of the CuPc monolayer films and causes a point-on-line coincidence with the corresponding surface lattice.
A significantly different growth behavior is observed for PTCDA. We find clear indications that PTCDA forms longrange-ordered islands of its monolayer structure on the Pb 1 Ag 2 surface alloy even for very low coverages. Changing the PTCDA coverage up to one monolayer does not lead to a change of the diffraction pattern, indicating an island growth of PTCDA with an unchanged structure. The corresponding diffraction pattern is shown in Fig. 1(d) . The first-order diffraction spots of the surface alloy are still clearly visible, which indicates that the lateral order of the surface alloy is not affected by the adsorption of PTCDA. All diffraction spots of the PTCDA monolayer structure can be unambiguously explained by one structural model with the superstructure matrix ( 6 3 0 6 ). The calculated positions of the diffraction spots of the corresponding structure are shown as red circles in the right half of Fig. 1(d) . All diffraction spots of the Pb 1 Ag 2 surface alloy can also be assigned to spots of the PTCDA monolayer. Consequently, the PTCDA monolayer structure is not only commensurate with the Ag(111) lattice, but also with the Pb-Ag surface alloy. This registry is the result of a rather strong influence of the Pb-Ag surface alloy on the structure formation of the PTCDA monolayer film leading to the existence of well-defined adsorption sites of PTCDA on Pb 1 Ag 2 .
The adsorption-site-specific interaction between PTCDA and the surface alloy is also the reason for the different size and shape of the PTCDA superstructure on the surface alloy and on the bare Ag(111) surface [1] . It is also responsible for the formation of two inequivalent PTCDA adsorption sites on the surface alloy which are occupied with a fixed ratio of 1:3 (see Sec. III B). At first glance, this is surprising since our LEED analysis yields a unit cell with only two PTCDA molecules. These contradicting observations can be resolved when considering that for highly symmetric molecular arrangements, diffraction spots with certain diffraction indices can be almost extinguished (see for instance [38] ). Diffraction features with such low intensity can be easily missed in diffraction experiments. Therefore, we suspect that the true unit cell of the PTCDA monolayer structure on Pb 1 Ag 2 is at least twice as large. Nevertheless, we can still unambiguously conclude that PTCDA adsorbs on distinct adsorption sites with respect to the Pb atoms as the PTCDA superstructure is commensurate with respect to the Pb-Ag surface alloy. This finding will become important when discussing the vertical adsorption geometry of PTCDA on the Pb 1 Ag 2 surface alloy.
Note that recently a study on a similar system Bi 1 Ag 2 surface alloy using local probe techniques was reported [24] . Cottin et al. reported the coexistence of two structural PTCDA phases on the surface, one long-range-ordered herringbone arrangement of PTCDA molecules and islands of disordered PTCDA molecules which are located close to domain boundaries and defects of the Bi-Ag surface alloy. However this growth behavior clearly differs from our results and we cannot adopt their structural model to gain insight into the adsorption sites of PTCDA/Pb 1 Ag 2 . Since there is no other reference system with similar lateral order, we refrain from proposing a real-space model for the local molecular adsorption geometry of PTCDA on the Pb 1 Ag 2 surface alloy.
B. Core level spectroscopy
In this section we discuss our core level spectroscopy study performed for 1.0 ML CuPc and 0.8 ML PTCDA on the Pb 1 Ag 2 surface alloy. All data were acquired in a grazing emission geometry of almost 90
• and the secondary electron background was subtracted using the Shirley function [39] .
The Pb 4f core level yields for both molecular films on the Pb 1 Ag 2 surface alloy (blue and red curves) as well as for the bare surface alloy (black curve) are shown in Fig. 2 . The spectrum of the bare surface alloy shows two emission lines that can be assigned to both spin-orbit split Pb 4f core levels. The asymmetric shape of these spectroscopic features is well known for core level emission of metallic states and is caused by the many-body interaction in metals [40, 41] . No shift can be observed in either of the emission lines upon adsorption of CuPc. This is in agreement with the absence of any vertical relaxation of the Pb atoms upon adsorption of CuPc discussed earlier [25] . Similarly, no shift of the Pb 4f lines was observed for the adsorption of PTCDA. However, a detailed line-shape analysis reveals a larger asymmetry of the Pb 4f emission lines upon adsorption of PTCDA. This change in line-shape could be the core level signature of the molecule-substrate hybridization, since this can lead to novel many-body effects and new screening possibilities of the created photohole. The latter are responsible for the core line shape in metals.
For the NIXSW analysis, the partial yield is obtained by the integrated intensity of the Pb 4f 7/2 emission line.
For CuPc, core level spectra were recorded for Cu 2p, N 1s, and C 1s. The core level spectra for N 1s and Cu 2p (not shown here) consist only of one single line. A possible difference between the two nitrogen species of CuPc could not be resolved.
For the C 1s spectra, both inequivalent carbon species of CuPc are clearly separated as illustrated in Fig. 3 . The three spectroscopic features can be assigned to the C-C (1) and C-N carbon (2) species of the molecule as well as to the carbon satellite (blue line). In addition, a very broad energy loss tail (black line) can be observed at higher binding energies. This C 1s line shape is almost identical to the one of a metal phthalocyanine (MPc) multilayer film on noble-metal surfaces [42, 43] , but significantly different from the one of MPc monolayer films on Ag(111) [42, 44] . This observation indicates a weak, van der Waals-like interaction between CuPc and the Pb 1 Ag 2 surface alloy similar to the van der Waals-like interaction in molecular crystals.
The C 1s and O 1s core level signals for PTCDA on the Pb 1 Ag 2 surface alloy are shown in the upper part of Figs. 4 and 5. As a reference, the lower part of both figures shows the corresponding core level signal for a monolayer PTCDA/Ag(111). First, we focus on the C 1s core level signal. The C 1s emission for PTCDA/Pb 1 Ag 2 consists of an asymmetric main line that can be attributed to the different carbon species of the molecular backbone and a second emission feature at higher binding energies caused by carbon atoms directly connected to the oxygen end groups of PTCDA. When comparing this line shape to the one for PTCDA/Ag(111) several distinct differences can be observed: (i) For PTCDA/Pb 1 Ag 2 , the overall width of the main line is almost twice as large as for PTCDA/Ag(111). This already suggests a larger number of chemically different contributions to the C 1s core level emission. In addition, (ii) the asymmetry of the main line shows a shoulder at lower binding energies for PTCDA/Pb 1 Ag 2 while the shoulder is found at higher binding energies for PTCDA/Ag(111).
To describe the complex line shape of the PTCDA/Pb 1 Ag 2 core level data, we propose a fitting model based on two (electronically and geometrically) inequivalent PTCDA molecules on the surface. The different components of this fitting model are included as solid lines underneath the experimental data in Fig. 4 . In our model, one PTCDA species shows the identical line shape and binding energy position as found for • . Measured data points are shown as circles. For PTCDA/Ag(111) the fitting model was adapted from high-resolution core level data [45, 46] and the relevant components are shown as solid black lines underneath the data. For PTCDA/Pb 1 Ag 2 , we had to consider two contributions from two inequivalent PTCDA molecules. In both cases, the broad satellite peak of the energy loss tail at high binding energies is omitted for clarity.
PTCDA/Ag(111) (red solid line). This contribution perfectly describes the low binding energy shoulder of the C 1s main line. Consequently, the high binding energy side of the main line is caused by the emission of the second PTCDA species. The best fitting result is obtained by the model shown as black curves. The latter reflects the C 1s line shape of a PTCDA multilayer film on Ag(111) [45] . Based on our detailed analysis we can conclude that the PTCDA film on the Pb 1 Ag 2 surface alloy consists of two inequivalent PTCDA molecules occurring in a ratio of 1:3-one with a weak chemical interaction with the metal surface (species PTCDA A at adsorption site A), similar to PTCDA on Ag(111), and one with a weak van der Waals-like interaction (species PTCDA B at adsorption site B), similar to PTCDA on inert-noble-metal surfaces [46] .
It is important to note at this point that PTCDA A is not caused by PTCDA molecules adsorbed on Pb free silver terraces. Instead, both electronically inequivalent PTCDA molecules are due to two inequivalent adsorption sites occurring within the PTCDA monolayer structure. This statement is supported by the following experimental findings: (i) As discussed, the adsorption height of the PTCDA A species is significantly higher compared to PTCDA/Ag(111) [47] .
(ii) The C 1s line shape for PTCDA/Pb 1 Ag 2 does not change for coverages below one monolayer, in accordance with our LEED study. (iii) Moreover, our recent momentum • . Measured data points are shown as circles. For PTCDA/Ag(111) the fitting model was adapted from high-resolution core level data [45, 46] and the relevant components are shown as solid black lines underneath the data. The broad satellite peak of the energy loss tail at high energies is omitted for clarity. For PTCDA/Pb 1 Ag 2 , we had to consider two contributions from two inequivalent PTCDA molecules. microscopy study on the latter adsorbate system revealed a well-defined momentum space emission pattern with distinct maxima for the frontier molecular orbits of both inequivalent PTCDA species [25] . This indicates a similarly high degree of rotational order for both chemically different PTCDA species on sites A and B. Based on these findings we can unambiguously conclude that PTCDA/Pb 1 Ag 2 grows in islands of its commensurate monolayer structure with a fixed ratio of PTCDA molecules on site A and site B of 1:3. Hence, PTCDA behaves differently on the Pb 1 Ag 2 then on the corresponding Bi 1 Ag 2 surface alloy on Ag(111) [24] , a very similar system recently discussed by Cottin et al. These authors have found the formation of two coexisting PTCDA phases (i.e., in separated islands) each exhibiting one PTCDA species with different chemical interactions with the surface.
To obtain the partial yield curve of both PTCDA species for the NIXSW analysis, we constrained the width and the energy position of all peaks. In addition, we constrained the relative intensities of all signals stemming from the same molecule. As a result, we neglect any vertical distortion of the carbon backbone of both PTCDA species, for the benefit of a significantly lower number of fitting parameters.
The O 1s core level signal of PTCDA/Pb 1 Ag 2 is shown in the upper part of Fig. 5 . It reveals the typical line shape known for PTCDA on noble-metal surfaces with an additional shoulder on the low binding energy side. The two main peaks of the O 1s spectrum are attributed to two chemically inequivalent oxygen species of the anhydride end group of PTCDA, namely the carboxylic (5) and the anhydride (6) oxygen species. The intensity of both peaks does not reflect the stoichiometric ratio of 2:1 due to a rather complex satellite structure [23, 47, 48] . Additionally, we also expect two contributions from two inequivalent PTCDA molecules as already discussed above for the C 1s core level spectrum. The shoulder on the lower binding energy side is modeled by the line shape of the O 1s spectrum for a PTCDA monolayer film on Ag(111) (red solid line). For comparison, the O 1s data of a monolayer film PTCDA/Ag(111) is shown in the lower part of Fig. 5 . The high binding energy part of the O 1s emission is modeled by the line shape of a PTCDA multilayer film [45, 46] (black curves). The best-fitting quality was obtained for the model shown in Fig. 5 . The binding energy position of the carboxylic main line of PTCDA B (black solid lines) is almost identical to the one for a PTCDA monolayer film on the inert noble-metal surface Au(111) [45] . Therefore, the O 1s core level analysis indicates two electronically and structurally inequivalent PTCDA molecules, in analogy to our findings for the C 1s core level emission.
For the partial yield curve, we again constrain the width and the energy position of all peaks. In addition, we constrained the relative intensities of all main peaks to their corresponding satellite structure. In this way, we will be able to disentangle the contributions of all chemically different oxygen species of both inequivalent PTCDA molecules.
C. Vertical adsorption geometry
In the following, we will discuss the vertical adsorption geometry for CuPc and PTCDA on the Pb 1 Ag 2 surface alloy. Typical partial photoemission yield curves of individual NIXSW scans are shown in Fig. 6 for all chemical species that could be distinguished in the core level analysis. The uncertainty of each point in the photoemission yield curves was estimated by a Monte Carlo error analysis implemented in CASAXPS [23, 49] , the software we use for fitting the core level spectra. They are usually smaller than 10% and are omitted in Fig. 6 for clarity. The experimental results of the NIXSW analysis, the coherent position P H and coherent fraction F H , are obtained by fitting the photoemission yield curves using the NIXSW analysis software TORRICELLI [49] .
Note that in the analysis of the Pb 4f partial-yield curves, nondipolar correction parameters had to be included in the analysis scheme in order to obtain physically reasonable coherent fractions in the range between 0 (homogeneous vertical disorder of all emitters) and 1 (perfect vertical order of all emitters). At first glance, this is rather surprising since nondipolar effects in the photoemission process are generally small due to the geometry used in our experiment, almost normal emission of the electrons (90
• ) with respect to the incident x-ray beam [50] . However, due to the large angular acceptance of the Scienta R4000 EW electron spectrometer of 30
• in our experimental geometry, the photoemission yield also contains photoemission contributions from smaller emission angles for which nondipolar effects are known to [49] . Note that, for each species, we have recorded several of these scans, usually between 3 and 5 scans, the results of which are presented in Fig. 7 for CuPc and in Fig. 9 for PTCDA.
influence the partial yield analysis in NIXSW experiments [50, 51] . To estimate this effect, we separately analyzed the partial yield curves for different emission angles that were recorded in the angle-resolved detection mode of the R4000 EW photoemission spectrometer. While P H stays constant within the experimental uncertainty for all emission angles, F H increases continuously from values below 1.0 at an emission angle of 90
• to 1.4 at ≈60
• . In accordance with theoretical predictions, F H is not significantly influenced by nondipolar effects at an emission angle of 90
• ; hence, the F H value obtained for this emission angle reflects the correct coherent fraction for this atomic species. Comparing it with the result from the angle-integrated yield curve of the same NIXSW scan allows us to deduce nondipolar correction parameters for F H for all Pb 4f scans (S R = 1.24, |S I | = 1.12, ψ = 0).
In the experiment, several NIXSW scans have been performed for the same atomic species on different spots on the sample. This will allow us to estimate the error in the NIXSW fitting parameters. The results of all individual scans for CuPc/Pb 1 Ag 2 are plotted in the Argand diagram as data points in Fig. 7 , for PTCDA/Pb 1 Ag 2 in Fig. 9 . In both Argand diagrams, arrows of the same color mark the average of the individual results for one species; the scattering of the data points around their mean values is a quantitative measure of their statistical error. The experimental uncertainty of the coherent fitting parameters and the adsorption height of each species are calculated by the standard deviation of the individual measurements. The averaged fitting parameters for P H and F H as well as the corresponding vertical adsorption position of each individual species are summarized in Table I for CuPc and in Table II for PTCDA. Except for Pb, all fitting results were obtained without considering possible nondipolar corrections. This could result in an overestimation of the coherent fraction which is typically in the same range as the experimental uncertainty, while the coherent position is barely affected. As reference, the adsorption heights of all atomic species of a CuPc [33] and PTCDA [47] monolayer film on the Ag(111) surface are also included in Table I and in Table II , respectively.
CuPc
First, we focus on the adsorption geometry of CuPc on the Pb 1 Ag 2 surface alloy. The experimental data points of the NIXSW analysis for the Pb surface atoms prior to (cyan circles) and after (cyan squares) the adsorption of CuPc on the surface alloy are distributed around the same arithmetic means in the Argand diagram in Fig. 7 . This clearly shows that the vertical relaxation of Pb is not altered by the adsorption of CuPc on the Pb 1 Ag 2 surface alloy. Moreover, the coherent fraction F H close to 1 is not modified by the adsorption of CuPc. This indicates the absence of any vertical disorder of the Pb atoms caused by the adsorption of CuPc; i.e., the geometric properties of the surface alloy are not altered by the interaction with CuPc. For further discussion, the vertical adsorption geometry of CuPc on the Pb 1 Ag 2 alloy is shown in a true scale model in Fig. 8(a) . As reference, a similar adsorption model of CuPc/Ag(111) is shown in Fig. 8(b) . In both cases, the CuPc molecule and the metallic surface layer are drawn in a schematic side view. The dashed circles denote the nonbonding contact distance [52] which allows us to estimate the interaction strength across the interface.
On the surface alloy, CuPc adsorbs in a flat adsorption configuration similar to its adsorption on other noble-metal surfaces [33, 53, 54] with an average adsorption height of 3.7Å. This vertical position of CuPc is significantly larger than its adsorption height of 3.08Å on Ag(111). The different adsorption heights of CuPc for both systems is most likely caused by the larger size and the vertical relaxation of the Pb alloy atoms. As illustrated in the model in Fig. 8(a) , CuPc is found at a vertical position that is only slightly smaller than the sum of the van der Waals radii of the corresponding atomic species of CuPc and the Pb atoms of the surface alloy, but clearly larger than the sum of the van der Waals radii of the CuPc species and the Ag surface atoms.
To quantify these findings, we normalize the adsorption heights to the sum of the van der Waals radii of the corresponding atomic species. These values D H CuPc−Pb/Ag are listed in Table I for CuPc on both the surface alloy and the pristine Ag(111) surface. The normalized distances D H CuPc−Ag between all species of CuPc and the Ag surface atoms are clearly larger than 1 indicating a vanishing overlap of electron density. In contrast, for the Pb-alloy surface we find an overlap between CuPc and Pb atoms similar to that for CuPc and Ag on the bare Ag(111) surface. Therefore, Pb atoms push the CuPc molecules away from the Ag surface atoms and prevent a (weak chemical) interaction between CuPc and the Ag surface atoms as observed for CuPc on Ag(111) [33] .
PTCDA
We will now turn to the adsorption of PTCDA on the Pb 1 Ag 2 surface alloy. The fitting results of the NIXSW analysis are summarized in the Argand diagram in Fig. 9 . The fitting parameters of the Pb atoms before and after the adsorption of PTCDA (cyan circles and cyan squares, respectively) are clearly separated and the change of P H points to a vertical relaxation of the Pb atoms of 0.06 ± 0.02Å upon the adsorption of PTCDA. This value still underestimates the vertical displacement of the Pb atoms since the coverage of the PTCDA film investigated by NIXSW was below one monolayer ( PTCDA = 0.80 ML). Therefore, the partial-yield curve still contains a 20% contribution of Pb atoms that are not covered by PTCDA molecules. To separate this contribution from the Pb atoms underneath the molecular film, we performed a vector component analysis [55] .
In the Argand diagram, each XSW fitting result is represented by the vector Z(
H . When different adsorption heights occur for one species, this vector will be the sum of the Argand vectors representing the individual adsorption heights. Here, this is the case for the Pb atoms; i.e., their vector Z contains two contributions, one for Pb atoms underneath PTCDA molecules, Z Pb,PTCDA , and one for Pb atoms without PTCDA molecules, Z Pb,alloy . It can therefore [33] . In addition, we calculated normalized adsorption heights of CuPc with respect to the Pb atoms D H CuPc−Pb and with respect to the Ag atoms D H CuPc−Ag of the Pb 1 Ag 2 alloy. These distances are normalized to the sum of the corresponding van der Waals radii r C = 1.77Å, r N = 1.55Å, r Cu = 1.40Å, r Ag = 1.72Å, and r Pb = 2.02Å [52] . Similar normalized adsorption heights are calculated for a monolayer CuPc/Ag(111). [47] . In addition, we calculated normalized adsorption heights of all chemical species of both PTCDA molecules with respect to the Pb atoms D H PTCDA−Pb and to the Ag atoms D H PTCDA−Ag of the Pb 1 Ag 2 alloy. These distances are normalized to the sum of the corresponding van der Waals radii r C = 1.77Å, r O = 1.52Å, r Ag = 1.72Å, and r Pb = 2.02Å [52] . Similar normalized adsorption heights are calculated for a monolayer PTCDA/Ag(111). be written as
where a is the fraction of the total yield arising from Pb atoms covered by PTCDA; i.e., a corresponds to the coverage of the molecular film. Using this vector component analysis allows us to correct the vertical relaxation of the Pb atoms underneath PTCDA molecules to 0.08 ± 0.02Å. Their coherent fraction, however, does not change due to the molecular adsorption. This indicates a similarly high vertical order of all Pb atoms before and after the adsorption of PTCDA and hence points to a homogeneous lifting of all Pb atoms of the surface alloy. At first glance, this finding is rather surprising as our core level analysis already revealed the existence of two inequivalent PTCDA species [33] . The dashed circles denote the van der Waals radii of each atomic species [52] .
with different molecule substrate interaction strength. As will be discussed in detail below, we have strong evidence that the homogeneous vertical relaxation of all Pb atoms is caused by the formation of local (σ -like bonds) between the anhydride end groups of PTCDA and the Pb surface atoms. These types of bonds are formed between both PTCDA species and the Pb atoms of the surface alloy. Of course, small deviations in the vertical relaxation of the Pb atoms underneath the PTCDA molecules A and B cannot be excluded.
The NIXSW fitting results for all molecular species are shown in the left part of the Argand diagram in Fig. 9 . For [47] . The dashed circles denote the van der Waals radii of each atomic species [52] .
each species, the scattering of the data points around their arithmetic means is clearly larger compared to the data set recorded for CuPc. The resulting experimental uncertainties of the adsorption heights are ± 0.05Å, except for the O1s anhy,A species where it is even ±0.09Å.
This large uncertainty is mainly due to the significantly more complex core level fitting model used to extract the partial yield curves for PTCDA. For the C 1s spectra we only consider two contributions to separate the average signal from both PTCDA species, while for the O 1s spectra we had to consider four contributions: two contributions for two chemically different oxygen species for each PTCDA species. In all cases, the individual contributions to the core level data show a large overlap in energy which makes a perfect separation of the corresponding signals rather challenging. However, the obtained adsorption height difference for equal chemical species of both inequivalent PTCDA molecules is still above the experimental uncertainties. This allows a clear separation of the vertical adsorption configurations of both geometrically inequivalent PTCDA molecules which are shown in a vertical true scale model in Figs. 10(a) and 10(b) . Both molecules are drawn in a side view along their long molecular axis. For comparison, we have included a similar vertical true scale model for a monolayer film of PTCDA/Ag(111) [47] in Fig. 10(c) . In analogy to the discussion for CuPc/Pb 1 Ag 2 , the dashed circles denote the van der Waals radii of the each element.
We now discuss the experimental observations for the two PTCDA species. Upon adsorption on the Pb 1 Ag 2 surface alloy, both PTCDA species become distorted with respect to their planar geometry in the gas phase. Both oxygen species, the carboxylic and anhydride oxygen, are located below the carbon backbone leading to a M-like distortion of the molecules. The down-bending of all oxygen species of both types of PTCDA molecules and the homogeneous vertical displacement of all Pb atoms clearly indicate the formation of local O-Pb bonds between all oxygen atoms of both PTCDA molecules and the Pb surface atoms.
An M-like distortion of PTCDA was already reported for more reactive low-index noble-metal surfaces [5, 56] but not for PTCDA molecules in homomolecular structures on Ag(111) [47] . On the latter surface, only the carboxylic oxygen atoms are located below the molecular plane while the anhydride oxygen atoms are located above. This leads to a saddle-like distortion of PTCDA. The transition from a saddle-like distortion on Ag(111) to an M-like distortion of PTCDA on Pb 1 Ag 2 underlines the dominant role of σ -like O-Pb bonds for the interaction between both PTCDA species and the Pb 1 Ag 2 surface alloy.
We will now focus on the adsorption height of the π -conjugated part of PTCDA, i.e., the carbon backbone, which allows us to deduce information about the formation of delocalized (chemical) bonds between the molecules and the surface alloy.
The carbon backbone of PTCDA A is located at an adsorption height of 3.63Å, the one of PTCDA B at 3.80Å. Both vertical positions are significantly larger than the adsorption height of PTCDA/Ag(111) [47] . In analogy to CuPc/Pb 1 Ag 2 , the larger adsorption height of both PTCDA species on the surface alloy compared to Ag(111) is caused by the larger atomic size of the Pb atoms, which pushes the PTCDA backbone away from the silver surface atoms. As illustrated in Figs. 10(a) and 10(b), this leads to a PTCDA-Ag bonding distance that is larger than the sum of the van der Waals radii of the involved species. As a result, the interaction between the aromatic part of PTCDA and the Ag surface atoms is completely suppressed. Quantitatively, this is also reflected in the normalized adsorption height D H PTCDA−Ag shown in Table II . The calculated values are larger than 1 for both PTCDA species indicating a vanishing overlap between the molecular backbone and the Ag surface atoms.
In contrast, the PTCDA-Pb bonding distance is smaller than the corresponding nonbonding distance pointing to a delocalized interaction across the metal-organic interface. (111) interface. This conclusion is in perfect agreement with a charge transfer and the corresponding population of the LUMO of PTCDA observed recently by momentum microscopy [25] . Hence, the geometric and electronic signatures of the molecule-substrate interaction provide conclusive evidence for the at least partial chemical interaction and the formation of a delocalized chemical bond between the π -conjugated part of PTCDA A and the Pb atoms of the surface alloy.
The normalized bonding distance between PTCDA B and the Pb atoms is larger than for PTCDA A and about halfway between the corresponding normalized bonding distance for PTCDA/Ag(111) and PTCDA/Au(111). While this finding clearly suggests a weaker PTCDA B -Pb interaction compared to PTCDA A -Pb, it does not allow an unambiguous classification of the molecule-substrate interaction strength. However, the C 1s core level line shape of PTCDA B is almost identical to the one for PTCDA/Au(111). The latter is a model system for a weak nonchemical molecule-substrate interaction. In accordance, we conclude that the PTCDA B -Pb interaction is dominated by (dispersive) van der Waals forces.
In conclusion, our NIXSW analysis reveals two distinct vertical adsorption geometries for PTCDA on the Pb 1 Ag 2 surface alloy with different strength of the delocalized moleculesubstrate bond. While the molecule-substrate bonding distance of PTCDA A suggests a weak chemical interaction between the molecule and the Pb surface atoms, the one of PTCDA B only points to a weak van der Waals-like bonding to the surface. We suspect that these different vertical adsorption geometries are caused by different adsorption sites of PTCDA on the surface alloy. The strength of the push-back effect depends on the exact position of the molecular carbon body on the Pb atoms and therefore is likely responsible for a site-specific interaction between PTCDA and the surface alloy.
IV. DISCUSSION
Our investigation of the vertical adsorption geometry of CuPc and PTCDA on the Pb 1 Ag 2 surface alloy provides insight into how surface alloying can be used to alter the interactions and consequently the molecular properties at metal-organic hybrid interfaces. While both molecules reveal a weak chemical interaction with Ag(111), we observe three different adsorption scenarios on Pb 1 Ag 2 with different interaction strength: (i) The first is found for CuPc/Pb 1 Ag 2 : The molecular adsorption height points to a weak van der Waals-like molecule-substrate bonding and CuPc essentially floats above the charge density spill-out of the surface mainly created by the Pb atoms.
The second and third scenarios are found for PTCDA/Pb 1 Ag 2 : Here two different adsorption configurations occur within the same molecular film. (ii) The backbone of one PTCDA species (PTCDA B ) is located at the same adsorption height as CuPc which points to a similarly weak van der Waals interaction between the π -conjugated part of this PTCDA species and the Pb surface atoms. However, the vertical positions of all oxygen atoms of PTCDA B below the molecular plane are a clear sign of the formation of local σ -like O-Pb bonds between PTCDA and the surface alloy. (iii) In contrast, we observe a clear overlap between the backbone of the second PTCDA species (PTCDA A ) and the Pb atoms comparable to the PTCDA-Ag overlap for PTCDA/Ag(111). Therefore, we detect the formation of an (at least partial) chemical bond between PTCDA A and the surface alloy. In addition, we also find clear indications for local O-Pb bonds for this PTCDA species.
To understand these different adsorption scenarios, we have to consider the adsorption heights and the corresponding charge reorganization for the reference systems CuPc/Ag(111) and PTCDA/Ag(111). Both interfaces are model systems with a weak chemical molecule-substrate interaction [5, 7, 33, 47] .
To first order, the molecular adsorption heights on inertnoble-metal surfaces are determined by the sum of the van der Waals radii of the carbon atoms of the molecular backbone and the surface atoms. The van der Waals radius of the surface atoms is a good way to model the vertical extent of the charge density spill-out of the noble-metal surface. Of course, the vertical electron density above the metal surface can be modified by the interaction between the molecule and the surface, i.e., by the push-back effect, hybridization between molecular and metal states, and charge transfer across the interface [5, 17] . All these effects can reduce the evanescent electron density of the surface leading to molecular adsorption heights smaller than the sum of the van der Waals radii of the molecule and the surface.
Ab initio calculations [17] were able to show that CuPc acts as charge donor on the Ag(111) surface and repels the evanescent electron density back into the surface by the push-back effect, despite a small charge transfer into its LUMO level. In contrast, PTCDA becomes a charge acceptor on the Ag(111) surface and takes up charge from the surface in order to populate its LUMO level. This alters the vertical charge density profile of the metal surface which allows PTCDA to approach closer to the Ag(111) surface than CuPc. This qualitative model is also fully consistent with the adsorption height of CuPc and PTCDA on Ag(111) determined by NIXSW [33, 47] .
For the Pb 1 Ag 2 surface alloy, the charge density above the surface is mainly determined by the Pb atoms due to their larger atomic size and their higher vertical position compared to Ag atoms. Consequently, the Pb atoms push both CuPc and PTCDA away from the surface and are hence responsible for the vanishing interaction between both molecules and the Ag surface atoms. Furthermore, the different adsorption height of CuPc and both PTCDA species on the Pb 1 Ag 2 can also be understood by the different charge donating and accepting character of CuPc and PTCDA.
In analogy to its behavior on the Ag(111) surface, CuPc aims to reduce the vertical charge density above the surface by the push-back effect. Assuming a similar strength of the charge-donating character of CuPc on Ag and on the Pb-Ag surface alloy, CuPc suppresses a comparable fraction of the surface charge density and can approach the outermost surface atoms in a similar way. This is consistent with the experimental findings as the normalized bonding distance between CuPc and Pb for CuPc/Pb 1 Ag 2 is very similar to the normalized bonding distance between CuPc and Ag for CuPc/Ag(111). The missing charge transfer into the CuPc LUMO is the most striking difference between the adsorption of CuPc on Ag and the Pb 1 Ag 2 surface alloy [25] . We attribute this finding to the different electron configuration in the valence bands of Pb and Ag. While on bare noble-metal surfaces such as Ag and Cu the molecular levels interact mainly with sp bands of the substrate, the valence band structure of a surface containing Pb atoms is dominated by p-derived bands. The different orbital character of the valence band must hence be responsible for the missing hybridization between CuPc and the Pb 1 Ag 2 surface.
For the adsorption site B of PTCDA B , the adsorption scenario is rather similar. Due to the missing hybridization between the molecular π orbitals and the surface bands, the molecular backbone floats also on the vertical surface charge density which is only modified by the push-back effect. In particular, the local O-Pb bonds are not strong enough to pull the PTCDA molecules closer to the surface. This is clearly different for the adsorption site A of PTCDA A . For this adsorption site, we suspect that the PTCDA molecule can initially approach the surface slightly farther then for the adsorption site of PTCDA B . This results in the formation of shorter local O-Pb which are strong enough to pull the carbon backbone of PTCDA A closer to the surface. Without additional charge reorganization at the interface, the lower adsorption height of the PTCDA A backbone would strongly enhance the push-back effect between the molecule and the surface. In extreme cases, such a behavior could even lead to a suppression of the Pb atoms back into the surface [56] . However, due to the strong electron affinity of PTCDA, a fraction of the surface charge density underneath the molecular backbone can be redistributed into LUMO of PTCDA, thereby reducing the push-back effect between the molecule and the surface. This leads to a partial population of the LUMO of PTCDA A as observed by momentum microscopy [25] .
In conclusion, the existence of three different adsorption configurations for CuPc and PTCDA on Pb 1 Ag 2 surface alloy is the result of the existence of site-specific local bonds between the molecules and the surface alloy as well as of the different charge donating and accepting properties of CuPc and PTCDA on noble-metal surfaces.
V. SUMMARY
In this paper, we have studied the vertical adsorption geometry of the prototypical molecules CuPc and PTCDA on a long-range ordered Pb 1 Ag 2 surface alloy by the NIXSW technique. Two main experimental results were obtained: (i) CuPc and PTCDA are found at a significantly larger adsorption height on the Pb 1 Ag 2 surface alloy than on Ag(111). At their respective vertical positions, the overlap of the molecular electron density and the Ag surface atoms vanishes completely. This points to a complete quenching of the partial chemical interaction between the molecules and the Ag atoms as it is known for their adsorption on Ag(111) [5, 33, 47] . (ii) Instead both molecules show a complex bonding to the Pb atoms of the surface alloy with three different interaction strengths: The large adsorption height of CuPc above the Pb 1 Ag 2 surface alloy suggests that the interaction across the interface is mainly driven by van der Waals forces. For PTCDA/Pb 1 Ag 2 , we observe an adsorption-site-specific interaction that leads to two different adsorption heights. One PTCDA species (PTCDA B ) is located at the same adsorption height as CuPc pointing to a similarly weak van der Waals interaction between the π -conjugated part of this PTCDA species and the Pb surface atoms. The lower adsorption height of the second PTCDA species suggests a PTCDA-Pb π -bonding strength comparable to PTCDA/Ag(111), i.e., a weak chemical interaction. In addition, the vertical distortion of both PTCDA species points to the formation of local (σ -like) bonds between the functional oxygen groups of PTCDA and the Pb surface atoms.
The different adsorption heights for CuPc and PTCDA on Pb 1 Ag 2 are the result of local site-specific moleculesurface bonds mediated by functional molecular groups and the different charge donating and accepting character of both molecules. For CuPc, a molecule with charge-donating character and without functional groups, the adsorption height is mainly determined by the push-back effect leading to an adsorption height close to the noncontact distance. In contrast, the local O-Pb bonds of PTCDA are strong enough to pull the π -conjugated part of PTCDA close to the surface and the charge-accepting character of PTCDA is responsible for the charge transfer into the PTCDA LUMO thereby reducing the charge density above the surface.
Hence, our results do not only underline the important role of local σ -like bonds for the interaction strength at metalorganic hybrid interfaces. They also show a route to tune and tailor the geometric and electronic properties of molecular films by controlling local, σ -like bonds using modified metal surfaces, i.e., by surface alloying.
